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Engineering Epitaxial Interfaces for Topological Insulator —
Superconductor Hybrid Devices with Al Electrodes

Abdur Rehman Jalil,* Tobias W. Schmitt, Philipp Rüßmann, Xian-Kui Wei,
Benedikt Frohn, Michael Schleenvoigt, Wilhelm Wittl, Xiao Hou, Anne Schmidt,
Kaycee Underwood, Gustav Bihlmayer, Martina Luysberg, Joachim Mayer, Stefan Blügel,
Detlev Grützmacher, and Peter Schüffelgen*

Proximity-induced superconductivity in hybrid devices of topological
insulators and superconductors offers a promising platform for the pursuit of
elusive topological superconductivity and its anticipated applications, such as
fault-tolerant quantum computing. To study and harness such hybrid devices,
a key challenge is the realization of highly functional material interfaces with a
suitable superconductor featuring 2e-periodic parity-conserving transport to
ensure a superconducting hard-gap free of unpaired electrons, which is
important for Majorana physics. A superconductor well-known for this
characteristic is Al, however, its direct integration into devices based on
tetradymite topological insulators has so far been found to yield
non-transparent interfaces. By focusing on Bi2Te3-Al heterostructures, this
study identifies detrimental interdiffusion processes at the interface through
atomically resolved structural and chemical analysis, and showcases their
mitigation by leveraging different interlayers – namely Nb, Ti, Pd, and Pt –
between Bi2Te3 and Al. Through structural transformation of the interlayer
materials (X) into their respective tellurides (XTe2) atomically-sharp epitaxial
interfaces are engineered and further characterized in low-temperature
transport experiments on Al-X-Bi2Te3-X-Al Josephson junctions and in
complementary density functional theory calculations. By demonstrating
functional interfaces between Bi2Te3 and Al, this work provides key insights
and paves the way for the next generation of sophisticated topological devices.
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1. Introduction

The discovery of topological supercon-
ductivity has ushered in a new era in
condensed matter physics, with poten-
tial applications in quantum computing
and beyond.[1] Topological superconductors
(TSCs) are distinguished by their potential
to host Majorana zero modes, which are
crucial for fault-tolerant topological quan-
tum computing.[2–6] Although naturally oc-
curring TSCs are scarce, they can be arti-
ficially engineered by inducing the super-
conducting proximity effect in topologically
protected surface states using a hybrid topo-
logical insulator (TI)–superconductor (SC)
structure.[7–10] A key element at the heart of
these hybrid architectures is a highly func-
tional interface.[10–12] The implementation
of such an interface in TI-based heterostruc-
tures is, however, challenging.[13] Character-
istics such as crystallinity, lattice compatibil-
ity and atomic-scale uniformity of a hybrid
interface affect the quality of the proximity-
induced superconductivity and thus the ef-
fective manifestation of the Majorana zero
modes.[10,13–15] Conversely, imperfections
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such as defects and lattice-induced strain can lead to the induc-
tion of a soft-gap, causing decoherence of Majorana states, which
can be detrimental to topological quantum applications.[10,16,17]

The exact requirements and associated challenges for achieving
a highly functional interface are strongly influenced by the indi-
vidual characteristics of the TI and SC of choice.[12]

While researchers have explored a variety of SCs for
TI-SC hybrid systems, including Nb, Sn, Pb, NbSe2 and
PdTe2,

[15,18–23] a promising candidate for advanced topological
applications is Al due to its ability to enable 2e-periodic parity-
preserving transport,[24] as exemplified in superconducting quan-
tum circuits.[25,26] Furthermore, for III-V semiconductor hybrids,
Al has been shown to be advantageous for the realization of
induced superconducting hard gaps.[27,28] Therefore, the imple-
mentation of Al as a parent SC could be a decisive step forward
for TI-SC hybrid devices. In terms of TI selection, the Bi2-xSbxTe3
family offers significant advantages considering the possibility to
tune the Fermi level into the bulk gap and the ability to grow re-
producibly via molecular beam epitaxy (MBE).[12,29] Nevertheless,
these TIs pose significant challenges in attaining atomically clean
interfaces,mainly due to their delicate van derWaals (vdW)-based
layered structure, susceptibility to point defect formation at room
temperature, surface oxidation and aging.[30–32] In addition, the
inherent structural incompatibility between trigonal Bi2-xSbxTe3
and themajority of s-wave SCs such as Al, which are cubic, as well
as diffusion-induced variations in interfacial chemistry, further
exacerbate the problem.[30] Given the challenges of surface oxida-
tion and aging, our recently reported UHV-compatible approach
provides an ideal platform for investigating TI-SC hybrid devices
while ensuring pristine interfaces.[33,34] This platformhas already
demonstrated highly transparent Nb-Bi2-xSbxTe3-Nb Josephson
junctions (JJs). However, when substituted with Al, none of the
junctions exhibited a Josephson supercurrent; instead, an in-
crease in the junction resistance at low temperatures was ob-
served, indicating the presence of a diffusion-induced subop-
timal interface despite fabrication under UHV conditions.[35]

Therefore, it is imperative to thoroughly investigate and under-
stand the structural and chemical properties at the interface to
effectively tackle the pressing issues related to interdiffusion for
future Al-based TI-SC hybrid systems.
To this end, an atomic-scale analysis of a fully in situ pre-

pared Bi2-xSbxTe3-Al hybrid structure is performed using scan-
ning transmission electron microscopy (STEM) and is shown in
Figure S1, Supporting Information. It reveals an interfacial over-
lap region that is heavily diffused with Sb, Te and Al atoms, pre-
sumably forming an electronic barrier. This diffusion problem is
likely exacerbated by Sb, which is a well-known dopant and an
effective diffusion agent in the CMOS industry. Sb diffusion not
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only limits the ability to obtain atomically uniform and epitax-
ial interfaces, but also complicates the chemical comprehension
of the interface. Therefore, it is crucial to simplify the situation
by removing Sb from the equation in order to have a better un-
derstanding of the interfacial chemistry. Consequently, Bi2Te3 is
employed to further the study of hybrid interfaces.
This study therefore focuses on an in-depth understanding of

the structural, chemical, and electronic properties of hybrid struc-
tures and facilitates the engineering of epitaxial interfaces with a
focus on Bi2Te3-Al devices. The research is supported by realistic
DFTmodeling and low-temperaturemeasurements of lateral JJs.
This comprehensive study of TI-SC hybrid interfaces provides a
platform tomitigate some of the key challenges in realizing func-
tional devices, paving the way for the next generation of topolog-
ical quantum networks.

2. Challenges of Bi2Te3-Al Interfaces

To elucidate the challenges with Al as the parent SC, fully in
vacuo junctions with Bi2Te3 as the weak link are fabricated. De-
tails can be found in the “Methods” Section. This approach not
only allows the selective growth of TIs in the desired shape and
dimensions,[30,31] but also enables the realization of supercon-
ducting electrodes without breaking the vacuum, thus prevent-
ing the TI surface from oxidation and ensuring pristine TI/SC
interfaces.[34,36] Figure 1a depicts an optical micrograph of a fab-
ricated chip. Since the entire chip was passivated with Al2O3
capping, no surface deformation is observed immediately af-
ter the Al deposition, as expected. However, optical studies per-
formed a few days later revealed an aging phenomenon, with
the Al layer peeling away from the Bi2Te3 surface in some ar-
eas while remaining adhered in others. Figure 1b,c depicts mag-
nified optical micrographs of normal and delaminated junc-
tions, respectively. Meanwhile, Figure 1d represents a scanning
electron microscope (SEM) image of the indicated location in
1b, along with schematics of an atypical, lateral Al-Bi2Te3-Al
junction.
The similar flaking pattern is also observed in several planar

Bi2Te3-Al films, ruling out the possibility that this phenomenon
can be triggered by the on-chip stencil mask. Meticulous inspec-
tions of various devices and films yielded no clear explanation as
to why the peeling of Al from the Bi2Te3 surface occurs over time.
The only difference seems to be that the heat treatment acceler-
ates the peeling process. Given the absence of a reliable electronic
connection, the delaminated devices could not be measured, and
subsequently, several normal junctions (without delaminated Al)
are selected, and the superconducting transport investigations
are performed. Figure 1e shows the temperature-dependent dif-
ferential resistance (dV∕dI) of an Al-Bi2Te3-Al junction (black)
and the reference Al film on the same chip (red). The continu-
ous drop in (dV∕dI) of the junction up to 10 K clearly indicates a
semi-metallic character of the weak-link, which is consistent with
the bulk-dominated transport in Bi2Te3 due to the presence of
the Fermi level in the conduction band. Below 10 K, the (dV∕dI)
of the junction remains relatively constant until a significant in-
crease in the resistance is observed at ≈1.3 K, the superconduct-
ing transition temperature (Tc) of Al. Upon further temperature
reduction, the junction resistance continues to increase, showing
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Figure 1. Al as a parent superconductor – challenges: a) Optical micrograph of a fabricated sample using an on-chip stencil mask containing multiple
Al-Bi2Te3-Al junctions. b) Magnified optical images of the highlighted junctions with normal and c) delaminated Al contacts. d) The schematical repre-
sentation (side view) along with the scanning electron micrograph of the junction’s weak link. e) Temperature-dependent differential resistance (dV∕dI)
of the junction and the reference Al film, represented by black and red data points, respectively. f) A HAADF image acquired at the cross-section of the
non-flaked Al region along with g) the corresponding chemical analysis. h–k) HAADF images at different magnifications, taken at the cross-section of
the delaminated Al region showing the remnant amorphous Al and the oxidized Bi2Te3 surfaces.

no sign of proximity induced superconductivity, similar to what
was observed in the previously discussed Bi2-xSbxTe3-Al hybrid
junctions.[35] This indicates the presence of a suboptimal (low
transparency) Bi2Te3/Al interface due to the likely diffusion of
Al into the TI epilayer.
Both the normal and delaminated regions have shown signs of

poor interface quality, prompting a deeper understanding of the
chemical and structural properties at the interfaces. As a result,
atomic-scale structural studies are performed at the cross sec-
tions of both regions and, as expected, the results are significantly
different. A high-angular annular dark-field (HAADF) image ob-
tained at the cross-section of a non-delaminated region, along
with the corresponding energy dispersive X-ray (EDX) spectrum,
is shown in Figure 1f,g. At the interface, a 4 nm-thick inter-
diffused region is detected, marked by two yellow dotted lines.
Chemical analysis reveals that this region can be further sub-
divided into two distinct zones. The first zone comprises a 2.5
nm-thick amorphous layer composed predominantly of Al, fol-
lowed by a 1.5 nm-thick polycrystalline region composed of Al
and Te, resulting in the formation of an AlTex alloy. AlTex is a
wide-bandgap semiconductor and its materialization leads to a
significant increase in interfacial resistance.[37] This resistance
acts as an electronic barrier at the Bi2Te3/Al interface, which ex-
plains the observed surge in junction resistance below the Tc of
Al shown in Figure 1e. Consequently, the formation of AlTex at
the interface is recognized as the primary reason for the failure

to achieve induced superconductivity in Bi2Te3 junctions. Above
the diffused region, the distinct (220) crystal planes can be clearly
observed, indicating the high crystal quality of the Al electrodes.
Figure 1h depicts a large-scale HAADF image acquired at a

cross-section of the delaminated surface. The presence of a vac-
uum (gap) between the Bi2Te3 epilayer and Al is evident. The de-
laminated Al appears to be extremely deformed, as well as hav-
ing multiple disorienting layers on top of each other. Figure 1i–k
presents several magnified images of the highlighted regions
to provide a comprehensive view. Figure 1i shows that Al de-
lamination leaves two clearly distinguishable surfaces. In some
cases, the delamination leaves a residual amorphous Al layer
(Figure 1j); while in other areas, the Al peels off precisely at the
interface (Figure 1k), exposing the Bi2Te3 surface to oxidation and
aging.
In summary, the Bi2Te3/Al interfaces present two main chal-

lenges that need to be addressed. First, the Al exhibits poor ad-
hesion to the Bi2Te3 epilayer; therefore, the interface quality be-
tween the epilayer and Al must to be improved. Second, by form-
ing AlTex, Te prevents Al delamination at the interface. The im-
proved adhesion provided by AlTex is corroborated by another ex-
periment where a 1 nm-thick Te layer is interposed between the
Bi2Te3 and the Al film, and no Al delamination is observed (see
Figure S2, Supporting Information). Nevertheless, the realization
of AlTex at the interface is detrimental due to its large bandgap
and must be avoided.
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Figure 2. Incorporation of diffusion barrier and inhibition of Al diffusion: a) A schematic representation of Al-X-Bi2Te3-X-Al JJ, where X indicates an
interlayer. A magnified region indicates that the main purpose of the interlayer is to block cross-diffusion of Al and Te to prevent the formation of AlTex.
b) An atomic schematic illustrating the structural and chemical reconfiguration at the interface when an interlayer “X” transforms into its corresponding
telluride “XTe2” upon diffusion into the Bi2Te3 epilayer. c) A cross-sectional HAADF image of Si-Bi2Te3-Pt-Al heterostructure acquired along Si [11̄0]
projection and the corresponding d) chemical profile confirming bidirectional diffusion of Pt into both Bi2Te3 and Al.

3. Diffusion Barrier and Impeding the
Materialization of AlTex
Themost viable and technically feasible option to prevent the dif-
fusion of Al atoms into the Bi2Te3 epilayer is the incorporation
of a diffusion barrier, that is, a thin interlayer at the interface.
However, the material selection for an effective interlayer must
be subject to strict criteria. The primary role of the interlayer, be-
sides promoting adhesion, is to effectively impede the material-
ization of AlTex. In addition, the interlayer must be transparent
to the Cooper pairs, which requires a metallic or semi-metallic
composition. Additionally, it would be expedient if the interlayer
could facilitate epitaxial integration with the Bi2Te3 epilayer. This
would facilitate the mitigation of unwanted sources of noise at
the interface due to structural incongruence causing strain and
aberrations,[17] as well as chemical fluctuations due to composi-
tional inhomogeneity.[38] The concept of interlayer incorporation
at the interface is illustrated in Figure 2a. With all of the afore-
mentioned requirements, the range of viable interlayers becomes
fairly limited. This research focuses on four potential candidates:
X=Nb, Ti, Pd, and Pt. A systematic, in-depth investigation is con-

ducted to understand the advantages and disadvantages of each
material and to scrutinize their usability in topological hybrid de-
vices.
Several samples of Bi2Te3-X-Al heterostructures, with the

above mentioned candidates, are prepared and no evidence of Al
delamination is observed in any of those films. This confirms the
enhanced adhesion of the interlayers to Bi2Te3 and Al and sug-
gests possible structural and chemical reconfigurations at the in-
terface due to a likely diffusion of interlayer atoms into the Bi2Te3
epilayer and/or Al. In view of this, the structural comprehension
of the newly formed interfaces is of paramount importance prior
to the superconducting transport investigation of JJs with inter-
layers (Al-X-Bi2Te3-X-Al).
Based on knowledge from previous reports,[39–41] investiga-

tions with Pt interlayers are initiated to determine the optimal
deposition temperature and a suitable layer thickness. First, a
Bi2Te3 epilayer is prepared on Si (111) substrate via MBE. Details
of the growth parameters can be found here.[31] After the growth
of Bi2Te3, the substrate is cooled to 150 °C where 5 nm of Pt is
deposited in situ. STEM analysis revealed a highly deformed and
amorphous interface with Pt atoms diffused deep into the TI epi-
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layer. To improve the interface quality, Pt depositions are carried
out at lower temperatures of 70 and 10 °C. Both temperatures
resulted in improved, but not fully crystalline interfaces. A sum-
mary of temperature-dependent Pt deposition and the resulting
interfaces can be found in Figure S3, Supporting Information.
Nevertheless, the observation of exotic trilayer-like structures in
several regions indicated structural reconfigurations with slightly
improved crystal quality at 10 °C. It is worth mentioning that Pt
is a transition metal which, upon interaction with Chalcogens
(C = S, Se, Te, etc.), readily transforms into its corresponding
chalcogenide, “PtC2.” Such alloys are commonly known as tran-
sitionmetal dichalcogenides (TMDCs), andmost of them exhibit
a trilayer-based trigonal crystal structure.[42] The presence of a tri-
layer structure at the interface of the probe prepared at 10 °Cmust
be due to the formation of PtTe2. For better understanding, this
paradigm is illustrated in Figure 2b. Furthermore, a comprehen-
sive chemical analysis of all the probes investigated revealed that
the Pt interlayer with a reduced thickness of 3 nmwould be suffi-
cient to effectively inhibit the diffusion of Al atoms. Based on this,
after Bi2Te3 epitaxy, the sample is cooled to −20 °C, and prior to
Al metallization, a 3 nm-thick Pt layer is deposited, followed by
extensive STEM and EDX analysis, as shown in Figure 2c,d, re-
spectively.
An excellent crystal quality of Bi2Te3 withmeticulously ordered

quintuple layers and a pristine interface with Si (111) is evident
in Figure 2c. A 1.5 nm-thick region with a Pt-based TMDC-like
trilayer structure can be observed on top of Bi2Te3. This is fol-
lowed by a 1.8 nm-thick layer of crystalline Pt (111). As men-
tioned above, lowering the deposition temperature regulates the
diffusion of Pt into Bi2Te3, but not the diffusion into Al. The re-
maining Pt was found to be widely dispersed throughout the Al
layer, up to a thickness of 7 nm, forming the AlPtx alloy. Unlike
AlTex, AlPtx is not expected to form an electronic barrier at the
interface due to its metallic properties. One approach to mini-
mize the Pt diffusion into Al is to reduce the Pt thickness below
3 nm. A close examination of the EDX spectrum reveals that the
Al and Te atoms are separated by only 1.5 nm. Reducing the Pt
thickness can lead to crossover of Al and Te atoms, which can
be catastrophic, as observed by the failure to achieve induced su-
perconductivity in various junctions with Pt interlayers less than
3 nm-thick (see Figure S4, Supporting Information). After the
AlPtx layer, a thick, crystalline Al film appears on top. Unlike
Figure 1f, the crystal plane of Al cannot be observed here. This is
due to a massive density mismatch between Pt and Al.
Using a similar mechanism, the optimal deposition tempera-

tures for all interlayers are determined to be 50 °C for Nb and
Ti and −20 °C for Pd and Pt. All interlayers are structurally and
chemically characterized and demonstrated distinctive results;
however, all interlayers have exhibited successful inhibition of
AlTex materialization at a thickness of 3 nm. Nb and Ti demon-
strated the highest efficiency in inhibiting the diffusion of Al
atoms, closely followed by Pt; while, Pd exhibited the lowest effi-
ciency. A comparative analysis is shown in Figures S5–S7, Sup-
porting Information.

4. Epitaxial Integration of XTe2 with Bi2Te3
With improved adhesion and successful inhibition of AlTex mate-
rialization, the primary objectives of the interlayers are achieved.

However, with the diffusion of interlayer atoms into the TI epi-
layer, the enigma of achieving induced superconductivity now
rests at the newly evolved interfaces between Bi2Te3 and the inter-
layers. This demonstrates the significance of Bi2Te3/X hybrid in-
terfaces. The contemporary aim is to achieve electronically trans-
parent, atomically sharp, defect-free, and epitaxial interfaces. Sec-
tion 6 explores the interface transparency of each interlayer via
superconducting transport of JJs. Meanwhile, this section fo-
cuses on understanding and manipulating the structural prop-
erties of newly evolved interfaces.
As mentioned earlier, the interlayers with cubic crystal struc-

tures, such as Nb, Pd, and Pt, are structurally incompatible with
the trigonal Bi2Te3, which may hinder the formation of pristine
interfaces. However, as shown in Figure 2c, Pt by diffusing into
Bi2Te3 forms a PtTe2-like structure. The materialization of this
vdW-based trigonal structure leads to structural compatibility, al-
lowing the formation of an epitaxial, atomically-uniform, fully-
relaxed and incoherent interface with the Bi2Te3 surface. When
the lattice sites of two crystals that do not exhibit a one-to-one
correspondence, or when two materials with different in-plane
lattices come into contact, an incoherent interface develops.[43,44]

Incoherent interfaces between two incommensurate crystals ex-
hibit no periodicity that leads to strain, whereas vdW interactions
allow the realization of incoherent yet fully-relaxed and periodic
interfaces.[43,44] This is a key feature of vdW interactions, since
forcing the development of a coherent interface could lead to
significant structural defects and strain.[30] Thus, the structural
and electronic characteristics of the evolving interlayer-tellurides
(XTe2) and their incorporation onto the Bi2Te3 surface hold the
key to functional devices.

4.1. Evolution of Interfaces in Nb and Ti interlayers

The Nb and Ti layers yielded completely unexpected results. In
both cases there is no evidence of interlayer diffusion into the
Bi2Te3 epilayer. However, the Bi2Te3 surface is still observed to re-
structure with the emergence of a distinct and epitaxially stacked
bilayer. In the case of Nb, the emerging bilayer is followed by a
trilayer-like structure and a 0.5 nm-thick somewhat amorphous
layer, which precedes with the emergence of the Nb (220) crystal
planes. Figure 3a depicts the scenario from top to bottom using
STEM images, a diffraction intensity profile, and the correspond-
ing EDX spectrum. The chemical analysis indicates the presence
of a Bi-rich zone in the bilayer region, while the following 1 nm-
thick region contains Nb and Te compositions. This is consis-
tent with the hypothesis of NbTe2 materialization, as observed
in Figure 2 for Pt. Nevertheless, the formation of the bilayer and
the subsequent structural aberrations are perplexing oddities that
need to be elucidated.
Subsequent studies have shown that instead of diffusing into

the Bi2Te3 epilayer, Nb atoms selectively consumed Te atoms at
the epilayer surface to form NbTe2. This process triggered the
transformation of the topmost Bi2Te3 quintuple layer into a Bi2 bi-
layer. A schematic demonstration is shown in Figure S8, Support-
ing Information. The newly formedNbTe2 layer encountered two
challenges: a scarcity of Te atoms and a significant (18.9%) lattice
mismatch with the Bi2 bilayer.

[45] The emergence of the Bi2 not
only increased the lattice mismatch, but also led to the formation
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Figure 3. TMDCs assisted epitaxial integration of interlayers by transforming of interlayer “X” into its respective tellurides “XTe2.” From top to bottom:
STEM-HAADF acquired along the Si [11̄0] projection, a bright field (BF) image of a selected region, the diffraction intensity profile of the highlighted
region with yellow box and the EDX spectrum of Bi2Te3-X interfaces where X represents a) Nb, b) Ti, c) Pd, and d) Pt.

of hybrid/pseudo vdW gaps between Bi and Te atoms,[30] span-
ning between Bi2Te3/Bi2 on one side and Bi2/NbTe2 on the other.
The intricacies of the vdW bondingmechanism and its modifica-
tions are beyond the scope of this article. For details, please refer
to our previous work.[30] Nevertheless, the vdW gap is observed to
shrink at the Bi2Te3/Bi2 interface due to the presence of relatively
strong interactions between heterogeneous elements, namely Bi
and Te (hybrid vdW). Due to these strong hybrid interactions, the
Bi2 bilayer forces the NbTe2 layer to stretch laterally, forming a
coherent interface. The Te deficiency, together with a substantial
lateral strain, caused extensive damage to the NbTe2 layer, result-
ing in the structural aberration depicted in Figure 3a. The Ti in-
terlayer exhibited an analogous behavior to Nb. Figure 3b depicts
the interface evolution in the Ti scenario.
It appears that the presence of a Bi2 bilayer is the source of

structural damage to NbTe2 and TiTe2. Since this is solely due
to a Te deficiency at the Bi2Te3 surface, it can be mitigated by
introducing excess Te. This will facilitate the development of a
fully crystalline Bi2Te3/NbTe2 and Bi2Te3/TiTe2 interfaces. This

hypothesis is confirmed by the co-evaporation of Ti and Te, which
resulted in the formation of a fully relaxed, atomically sharp,
epitaxial, and incoherent interface between Bi2Te3 and TiTe2, as
shown in Figures S9 and S10, Supporting Information. Similar
experiments are performed with Nb and high-quality and relaxed
heterostructures of Bi2Te3 and NbTe2 are also obtained (Figure
S9, Supporting Information). Bymanipulating the deposition pa-
rameters, it is possible to obtain both types of interfaces, with or
without a Bi2 bilayer, or in other words, coherent or incoherent
interfaces, as desired. Although Nb and Ti exhibit structurally
identical behavior, they are quite different electronically. NbTe2
is a SC,[46] whereas a monolayer of TiTe2 is a narrow bandgap
semiconductor.[47] This difference could potentially affect the in-
terface transparency in experiments involving superconducting
transport. However, when TiTe2 consists of two or more layers,
it exhibits metallic behavior and should not be a concern,[47]

since the thickness of TiTe2 can be precisely controlled by co-
evaporating Ti and Te atoms, as shown in Figure S10, Supporting
Information.

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (6 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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4.2. Evolution of Interfaces in Pd interlayers

Pd, in contrast to Nb and Ti, exhibited significantly higher diffu-
sion into the Bi2Te3 epilayer. By adjusting the deposition temper-
ature to −20 °C, the diffusion of Pd was effectively confined to a
depth of 9 nm. The Pd atoms diffused and bonded with nearby
Te and Bi atoms, resulting in the formation of PdBixTe2-x trilay-
ers. This inhibited the formation of Bi2 bilayers, as observed for
Nb and Ti interlayers. The STEM images and EDX analysis in
Figure 3c illustrate the interface formation for the Pd interlayer.
Detailed analysis revealed that the distribution of Pd atoms is not
uniform throughout the diffused region. In close proximity to the
Bi2Te3 surface, there is a relatively low concentration of Pd atoms,
which transitioned into PdTe2-like trilayers. These trilayers exhib-
ited an epitaxial and well-defined interface with the Bi2Te3 epi-
layer. Away from the interface, the concentration of Pd atoms in-
creased, leading to Pd intercalation at the vdW gaps. This process
resulted in a non-layered, zig-zag structure that resembles PdTe.
In short, the diffused zone consists of either Bi-doped PdTe2 or
PdBixTe1-x, both of which exhibit superconductivity that attenu-
ates as a function of Bi concentration, as demonstrated in our
recent study.[48] As shown in Figure S7, Supporting Information,
Pd permeates into Al, leading to the formation of the AlPdx alloy,
which is also a superconducting alloy.[49] The Bi2Te3-Pd-Al het-
erostructure exhibits an intricate stack of multiple superconduct-
ing layers. Predicting the performance of such vertically stacked,
atypical superconductors is almost impossible from a structural
point of view. Only the superconducting transport analysis, dis-
cussed in Section 6, has the potential to provide a viable explana-
tion.

4.3. Evolution of Interfaces in Pt interlayers

The diffusion of Pt into the Bi2Te3 epilayer and the subse-
quent formation of new regions has already been introduced in
Figure 2. Pt demonstrated a diffusion pattern akin to Pd. Nev-
ertheless, it exhibited a regulated behavior, where the diffusion
length can be precisely controlled by the deposition conditions
(see Figure S3, Supporting Information). The evolved interface
for the Pt interlayer is shown in Figure 3d. By controlling the de-
position parameters, the Pt diffusion is limited to a only 1.5 nm.
A meticulous examination of this region has revealed the pres-
ence of three distinct trilayers composed of a PtTe2-like struc-
ture. These trilayers exhibited epitaxial and atomically precise in-
terfaces to both the Bi2Te3 and Pt (111) surfaces. In contrast to
Pd, no intercalated atoms are observed at the vdW gaps. Further-
more, EDX analysis revealed a homogeneous distribution of Bi
within the trilayers. This phenomenon can be attributed to an in-
herent tendency of Pt to form PtTe2 and PtBi2, which facilitates
the formation of PtBixTe2-x trilayers.

[30,50] The exact composition
of the trilayer region is determined by EDX to be PtBi0.7+xTe1.3-x.
Since both PtTe2 and PtBi2 aremetallic, it is reasonable to assume
that they would not pose a significant challenge to the induction
of superconductivity.
Summarizing the Bi2Te3/X interfaces, all interlayers can be

classified as non-diffusing, moderately diffusing, or strongly dif-
fusing based on their interaction with the Bi2Te3 epilayer and the
chemical analysis of the reconfigured surfaces. Nb and Ti are

in the first category, Pt is in the second, and Pd is in the third.
All interlayers allow the customization of the epitaxial interfaces
through vdW stacking of TMDCs. Nb and Ti are the only options
to design interfaces both with and without a Bi2 bilayer. They
also allow precise control of the number of TMDC layers by co-
evaporation with Te. Pt and Pd, on the other hand, facilitate the
diffusion-propagated synthesis of Bi-doped TMDCs, where the
thickness can only be controlled by adjusting the deposition pa-
rameters. Pd, in particular, is an exception. Excessive diffusion
into both Bi2Te3 and Al results in an enormously complex layer
stack. Since PdTe2 itself is a SC,

[29] Pd integration with Al as the
parent SC is the least suitable among all the interlayers. To gain
further insight into the performance of each interlayer, ab initio
modeling and superconducting transport analysis are employed
and discussed in the subsequent sections.

5. Ab Initio Modelling of XTe2/Bi2Te3 Interfaces

Motivated by the experimental observations discussed in the
previous sections, a series of density functional theory (DFT)
calculations are performed for the XTe2/Bi2Te3 interface (see
“Methods” Section for computational details). The four different
XTe2/Bi2Te3 (X = Nb, Ti, Pd, Pt) interfaces are compared, and
the relaxed crystal structures for all four XTe2/TI interfaces, both
with andwithout an additional Bi2 bilayer inserted at the interface
to the TI, are computed. Comparable large formation energies of
Bi2 bilayers in all four XTe2 interfaces are found. Thus, instead
of being stabilized by a formation energy, it is speculated that the
easy formation of PdBiTe and PtBiTe compounds in the cubic
Ullmanite structure,[51,52] which do not exist for Nb and Ti-based
compounds, might be an explanation for the absence of Bi2 bi-
layers in the PdTe2 and PtTe2 heterostructures. However, the ab-
sence of the cubic Ullmanite structures in the experimental TEM
data suggests a complicated influence of the surrounding matrix
of trigonal TI and XTe2 structures.
Regarding the influence on the electronic structure, it is found

that the XTe2 interface with Bi2Te3 generally leads to charge trans-
fer between XTe2 and the surface layers of the TI (see Figure S11,
Supporting Information). The interfaces with X =Nb,Ti have the
tendency to induce p-type doping to the TI, whereas this trend is
less pronounced for X = Pd,Pt. This is seen in the position of the
conduction bandminimum and the location of the Dirac point of
the TI’s electronic structure, shown as the red-colored bands in
Figure 4. The insertion of Bi2 at the XTe2/TI interface is further-
more acting as a charge donor, which results in n-type doping
of the TI at the interface. Note that the simulations presented in
Figure 4 are performed for intrinsically n-doped Bi2Te3, which
reflects the experimental situation.
The states localized in the XTe2 region of the computational

unit cells are highlighted by the blue-colored bands in Figure 4.
By comparing the four different XTe2 interfaces, it can be seen
that the band widths and details of the electronic structure of the
TMDC are strongly influenced by the overlap of the wave func-
tion with the electronic structure of the TI. Moreover, the inser-
tion of Bi2 adds additional electronic states that hybridize in the
calculated electronic structure (see also Figure S12, Supporting
Information for region-projected electronic structure plots). We
emphasize that in our DFT calculations all XTe2/[Bi2] interfaces
are metallic, supporting the conjecture from previous sections

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (7 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. Normal state electronic structure of XTe2/[Bi2]/(Bi2Te3)3. Structures without bismuth bilayer (Bi2) for a–d) X =Nb, Ti, Pd, and Pt, respectively,
and e–h) the same with Bi2. Insertion of Bi2 leads to a downward shift of the electronic structure seen in the location of the Dirac point and the conduction
band minimum, highlighted by green and grey arrows, respectively. The coloring of the bands indicates the localization of the states where blue (red)
states are localized in XTe2/ (Bi2Te3). Note that an intrinsic n-type doping of the TI is assumed in the calculation.

that they can be proximitized from Al. Based on a comparison
of the atom-projected band structures shown in Figure 4, clear
pairwise similarities can be observed between X = Nb,Ti and X
= Pd,Pt. We find a clear correlation with the differences in elec-
tronegativity of about 1.6 for Nb and Ti and 2.3 for Pd and Pt,[53]

which is consistent with the classification into two distinct groups
for X = Nb,Ti and X = Pd,Pt found in the structural analysis
of Sections 3 and 4. This conjecture is further supported by the
transport characterization discussed next.

6. Transport Characterization of Al-X-Bi2Te3-X-Al
Josephson Junctions

To evaluate the performance of the different interlayers in TI-SC
hybrid devices, we fabricated a sample withmultiple Al-X-Bi2Te3-
X-Al JJs for each interlayer using our UHV process (see “Meth-
ods” section for details). Thus, the Al-X-Bi2Te3 interfaces in the
JJs should be comparable to the ones structurally investigated in
the previous sections. Each sample contains several JJs with de-
signed junction geometries ranging betweenW = 300 – 1000 nm
and L = 90 – 150 nm. On the left in Figure 5a–d, an IV measure-
ment is shown for one junction of each interlayer sample for both
bias current sweep directions. In contrast to the increased resis-
tance in junctions without an interlayer (see Figure 1), a finite
supercurrent IC is observed for the junctions with interlayers, in-
dicating an improvement of the interfaces for all interlayers. A

hysteresis between the switching current IC and the retrapping
current Ir , which is observed for the different sweep directions of
some junctions (see Table S2, Supporting Information), is often
attributed to heating effects in the resistive state for junctions in
the given coplanar geometry.[54]

Using the critical current and the normal resistance Rn of the
junctions, the ICRn product is calculated and compared to the-
oretical models. In Figure 5e, this ICRn product is shown for
several JJs of each sample and plotted against their respective
designed junction length. Following Cuevas et al.,[55] the grey
shaded area in this figure indicates the expected ICRn values for
an ideal junction in the diffusive transport regime with the typi-
cal range of parameters for the bulk-dominated Bi2Te3 films. For
most of the Nb, Ti, and Pt interlayer junctions, the ICRn values
are in this grey shaded region indicating that they fall in the range
of ideal SNS junctions without additional interfacial barriers. A
more detailed, quantitative analysis is, however, hampered by the
range of material parameters for individual junctions (see sup-
plementary Section 3–4). In contrast to these three interlayers,
the ICRn values for the Pd interlayer junctions are significantly
higher. While this is typically attributed to higher junction trans-
parency, it should be treated with caution in this case. The ICRn
data for these junctions exceed the expected diffusive transport
regime and, in part, even an upper estimate for a short, ballis-
tic junction (black dotted line in Figure 5e). Rather than a higher
junction quality, we believe that this may be due to strong lateral

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (8 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. Electrical characterization of Al-X-Bi2Te3-X-Al JJs at cryogenic temperatures (T < 50mK), where X is a 3 nm interlayer of Nb (green), Ti (orange),
Pd (red), or Pt (purple). a–d) IV characteristics for both sweep directions at a small range (left) and differential conductance at a larger range (right) for
one junction of each respective interlayer sample. The grey dashed line in the right plot indicates the normal conductance 1∕Rn of the junction and the
black arrow indicates the outermost feature of the SGS. Graphs in (a) are adapted from Schmitt et al.[57] e) Top: Schematic of an Al-X-Bi2Te3-X-Al JJ with
interlayer X = Nb, Ti, Pd, or Pt (yellow). Bottom: Extracted ICRn values for multiple JJs on each interlayer sample plotted against the designed junction
length L. All junction parameters can be found in Table S2, Supporting Information. The encircled symbols mark the junctions shown in (a–d). The grey
area indicates the theoretical length dependence of the ICRn values for an ideal junction in a diffusive transport regime with a superconducting coherence
length of 𝜉 = 30 − 80nm and an induced gap of Δ∗ = 80 − 165𝜇eV according to Cuevas et al.[55] To estimate a general upper limit, the black dotted line
indicates the limit of a ballistic junction with Δ∗ = 165𝜇eV, which is the largest observed value for an induced gap in all characterized junctions (see
Table S2, Supporting Information).

diffusion of Pd into the Bi2Te3 weak link, as reported by Rosen et
al.[56] to be almost 40 nm in case of (Bi,Sb)2Te3, and the formation
of a respective superconductive alloy. For junctions with long ini-
tial design geometries this could result in effectively shorter JJs
(reduced L), whereas junctions with short initial design geome-
tries might potentially be short-circuited (L→ 0).
In addition to the IV measurement, the differential conduc-

tance dI∕dV of each junction is plotted for a wider bias range
on the right of Figure 5a–d. For all four junctions, the differen-
tial conductance shows an increased value of dI∕dV > 1∕Rn at
a bias current just exceeding IC and continues to approach the
normal conductance at larger bias (see supplementary Section 4
for a discussion of an even wider bias range). This observation
of an increased conductance close to the superconducting state
is typically attributed to the existence of multiple Andreev reflec-
tions in the junction. Such multiple Andreev reflections usually
manifest in a sub harmonic gap structure (SGS) with features at
V = 2Δ∗∕ne in the differential conductance dI∕dV , where n is an
integer, e is the elementary charge, and Δ∗ the induced gap. The
exact nature of this SGS varies with respect to several parameters
including the transport in the junction, the junction length, and
the interface transparencies. So while the SGS features are as-
signed to conductance dips in transparent short ballistic JJs, they
appear as peak-like structures in diffusive junctions with an in-
termediate length.[55,58] With respect to the bulk-dominated trans-
port in the Bi2Te3 thin films, the JJs would fall in an intermediate
long, diffusive junction regime (see supplementary Section 3–4).
Accordingly, differential conductance peak features are observed
in the measurements for all interlayer materials. With respect to
the feature quantity and magnitude of the SGS, a variation is ob-

served with more distinct features for the Ti and Nb interlayer
junctions compared to the junction with Pd and Pt interlayer.
This observation is, however, not unambiguously linked to the
interlayer but could for example also be related to a different L∕𝜉
range for the respective junctions, where 𝜉 is the superconduct-
ing coherence length. For further analysis, we thus focus on the
outermost feature of the SGS which is linked to 2Δ∗∕e. This fea-
ture is indicated in the differential measurements of Figure 5a–d
by a black arrow.
At the top of Figure 6a–d, the temperature dependence of the

normalized differential conductance for the four JJs is plotted
against the correspondingDC voltageV . In thesemeasurements,
the temperature-dependent position of the SGS features is traced
to study the induced gap at the boundaries of the junction. For
the Nb, Pd, and Pt interlayer junction, we observe an anomalous
temperature-dependent change of the SGS features from peak-
like features at low temperatures to dip-like features at higher
ones. This anomalous transition is explained in more detail for
the Nb junction in ref.[57] and could possibly be related to the
existence of additional ballistic states superimposed on the diffu-
sive bulk transport in the junction.
To study the induced gap Δ∗ in this work, we extract the out-

ermost peak-like feature at low temperatures as well as the dip-
like feature at higher ones and skip the intermediate temperature
range where neither can be assigned unambiguously. For the Ti
interlayer, no anomalous transition is observed such that the po-
sition of the peak-like feature is extracted over the full temper-
ature range of this junction. At the bottom of Figure 6a–d, the
temperature-dependent feature position is shown and compared
to the respectively scaled temperature dependence of a BCS gap

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (9 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. Temperature dependence of the differential conductance spectra for the JJs shown in Figure 5a–d. Top: Temperature dependence of the
normalized differential conductance spectra plotted against the measured DC voltage V across the junction. For visibility the curves are shifted by
1. The black × indicates the position of the 2Δ∗ feature for curves where it could be assigned. Bottom: Temperature dependence of the assigned 2Δ∗

features with the peak-like features are indicated by a red × and dip-like features are indicated by a red box. The blue dotted line indicates the temperature
dependence of an induced gap with the parameters listed in Table 1. The grey solid line shows the temperature dependence of a BCS gap with the same
critical temperature. Graphs in Figure (a) are adapted from Schmitt et al.[57]

ΔBCS (solid grey line) and an induced gap Δ∗ (blue dotted line),
where

Δ∗ =
ΔBCS

1 + 𝛾B

√(
ΔBCS

)2 − (Δ∗)2∕𝜋kBTC

(1)

In this equation, TC is the critical temperature, kB is the Boltz-
mann constant, and 𝛾B parameterizes the interface transparency
with 𝛾B = 0 for a perfectly transparent interface and 𝛾B → ∞ for
a vanishingly small interface transparency.[59] The values of the
parameters 𝛾B and TC for the plotted temperature dependence of
ΔBCS and Δ∗ can be found in Table 1.

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (10 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Table 1. Parameters of the induced gap temperature dependence for junc-
tions shown in Figure 6. The critical temperature TC and the interface pa-
rameter 𝛾B were used to fit the temperature dependence of an induced
gap to the respective data. In addition, the ratio of the low temperature
values for the induced gap (Δ∗

0) and a respective BCS gap with the same
critical temperature (ΔBCS,0) are stated. For comparison, the last columns
show the size of the gap (ΔDFT) in the heterostructure relative to the size
of the assumed pairing potential in XTe2 (ΔDFT,0 = 3.07 meV) based on
our KS-BdG calculations summarized in Figure 7.

Experiment Theory

Interlayer
Material

TC 𝛾B Δ∗
0∕ΔBCS,0 Unit Cell ΔDFT∕ΔDFT,0

Nb 1.15 K 0.45 0.90 NbTe2 / Bi2 / TI 0.98

Ti 0.84 K 0.55 0.85 TiTe2 / Bi2 / TI 0.80

Pd 1.21 K 1.20 0.66 PdTe2 / TI 0.64

Pt 1.15 K 0.65 0.83 PtTe2 / TI 0.85

While the critical temperature of the Nb, Pd, and Pt interlayer
JJs fall in a similar range, it is significantly reduced for the Ti
interlayer junction. To account for the individual critical temper-
ature of each layer stack and thus facilitate the comparison of the
respective induced gap, Table 1 also states the low temperature
values of Δ∗

0∕ΔBCS,0. In general, the temperature dependence of
an induced gap seems to describe the data well for all four inter-
layer junctions, however, it relies on a simple proximity interface
model which does not allow to account for the details of the in-
terfaces in the junctions under discussion. For this reason, DFT
calculations for the proximity effect in the different layer stacks
are discussed in the subsequent section.

7. First-Principles-Based Calculation of
Superconducting Properties of XTe2/TI Interfaces

To gain further insight into the relationship between the elec-
tronic structure and the proximity effect of the four different
XTe2/[Bi2]/TI interfaces, we have performed DFT-based calcula-
tion for the superconducting state at these interfaces (see “Meth-
ods” Section for computational details).
Figure 7 shows the superconducting density of states (DOS)

together with the superconducting order parameter 𝜒 . The DOS
shown in Figure 7a,b is integrated over the entire unit cell, which
manifests the fact that all states within the heterostructure will
contribute to the transport through the JJs as the wavefunctions
are typically delocalized over several layers across the interface.
The DOS is suppressed around EF due to the superconducting
proximity effect in the heterostructure and the major coherence
peaks are identified from the maximum of the anomalous DOS
shown in Figure 7c,d. It is noteworthy that no complete suppres-
sion of the DOS at EF is found due to details of the proximity
effect in this complex heterostructure. In particular, some elec-
tronic states in XTe2/TI only have a small wavefunction overlap
with the states from the (by proximity to Al) superconducting
XTe2. This is, for instance, the case for the exponentially local-
ized topological surface state at the TI/vacuum interface away
from XTe2. As a result, this strongly limits Cooper pair tunnel-
ing into these states and consequently no sizable superconduct-
ing gap is acquired.[60,61] Other states, on the other hand, have a

larger wavefunction overlap with the electronic states of XTe2 as
seen from the normal state’s bandstructures shown in Figure 4
where blue/red states overlap in different regions of the Brillouin
zone.
Importantly, the electronic structure in these complex het-

erostructures is far from the idealized single-band BCS model
and, thus, multi-band effects play an important role in the prox-
imity effect.[62] Overall, the features of the superconducting DOS
come out fairly similar for X=Nb, Ti, and Pt showing fairly sharp
coherence peaks. However, for X = Pd the superconducting DOS
and anomalous DOS appear broader and washed out. This leads
to less sharp features which also results in a lower effective super-
conducting gap across the heterostructure. This can be deduced
from the position of the major coherence peak in Figure 7. As
in the normal-state properties, we find similarities between X =
Nb,Ti on the one hand and X = Pd,Pt on the other hand, which
we attribute to the formation of a Bi2 bilayer in the former. The
addition of Bi2 acts as a further spacer layer in between the XTe2
and the TI which reduces the size of the induced superconduct-
ing order parameter 𝜒 in the Bi2Te3 layers (see Figure S12, Sup-
porting Information). Overall, 𝜒 decays rapidly away from the
superconducting XTe2. However, it is noteworthy that the size of
the anomalous density is not necessarily the same as the size of
the gap in the electronic structure.[63]

Table 1 compares the effective size of the gap in the cal-
culations with the normalized experimental transport data
(Δ∗

0∕ΔBCS,0). Overall, similar effective gap sizes are found with
a maximal value in Nb and the smallest value in Pd due to the
larger intermixing of the electronic structure. This correlates to
the observed change in the interface transparency 𝛾B obtained
from fitting the experimental transport data. However, it is im-
portant to note that, in contrast to the as-grown structures in
the experiments, no chemical disorder is present in the DFT-
based calculations of the superconducting state, which is particu-
larly pronounced for the experimental Pd-based compounds, and
which could be the driving force behind the different 𝛾B values
found in the transport experiments. The fact that our DFT calcu-
lations, which only include the XTe2-[Bi2]-Bi2Te3 interface, agree
well with the measured 2Δ∗ feature (Table 1), which are sensitive
to the boundaries of the junction, suggest that the proximity ef-
fect through the Al-XTe2-Bi2Te3 junction is not destroyed by the
XTe2 spacer layers. We suspect that the tendency of the studied
XTe2 interlayer compounds to become superconducting (see sup-
plementary section 5) also plays a role for realizing functioning
Al-X-Bi2Te3-X-Al Josephson junctions.

[46,48,64,65]

A more quantitative comparison between theory and experi-
ment would require not only including Al as a parent supercon-
ductor and thus much larger computational unit cells, but also a
precise knowledge of the position of the Fermi level in the TI, and
thicker XTe2 as well as TI regions, which is computationally un-
feasible. This could affect whether the XTe2/TI interface leads to
significant shifts in the Fermi level which, in turn, could induce
band bending in the TI and the XTe2 regions for large enough
thicknesses.

8. Conclusion

In conclusion, this work paves the way for Al-based TI-SC hy-
brid devices by both tracing the absence of supercurrents in Al-

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (11 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 3, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400343 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [17/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Figure 7. Calculated normalized superconducting (anomalous) density of states. a) DOS of XTe2/Bi2/Bi2Te3 (X = Nb,Ti) and b) of XTe2/Bi2Te3 (X =
Pt,Pd). c,d) Corresponding anomalous DOS (𝜒), which is the superconducting order parameter in the KS-BdG formalism. The colored arrows indicate
the principal coherence peak identified by the maximum of 𝜒 in (c,d). The grey dotted line indicates the magnitude of the pairing potential in the XTe2
region of the unit cell.

Bi2Te3-Al junctions to the detrimental materialization of AlTex,
at the Bi2Te3-Al interface and investigating the improvement of
this interface by the inclusion of four different thin interlayers
(X), namely Nb, Ti, Pd, and Pt. Our study finds that these in-
terlayers suppress the materialization of AlTex at the Bi2Te3-X-
Al interface while forming corresponding AlX alloys that en-
hance the adhesion of the Al layer. For the Bi2Te3-X interfaces,
the diffusion and interaction of interlayers with Te atoms of the
TI epilayer are found to promote the transformation into cor-
responding tellurides (XTe2), leading to the formation of struc-
turally compatible TMDCs. This process enables the tailoring
of atomically-precise, relaxed, and vdW-based epitaxial interfaces
with the Bi2Te3 epilayer. Through the characterization of UHV-
fabricated Josephson junctions, the electrical improvement for
the Bi2Te3-X-Al interfaces is revealed by finding supercurrents
for all four investigated interlayers.While the parameters of junc-
tions with Nb, Pt, and Ti interlayers reproducibly fall within the
expected range for transparent Josephson junctions, the signifi-
cant deviations found for junctions with Pd indicate that its use
as an interlayer in devices might be hampered by the strong dif-
fusion observed in the structural analysis. Our additional qual-
itative comparison for the induced superconductivity in differ-
ent Bi2Te3-X-Al stacks, performed by both experimental obser-
vation of sub harmonic gap structures in JJs and complemen-
tary DFT-based calculations, can be used and extended for future
research on Al-based hybrid devices to investigate them for, for
example, parity-conserving transport. Our research not only es-
tablishes a foundation for advancing Bi2Te3-X-Al hybrid devices

but also offers a flexible blueprint for inducing superconductivity
in alternative topological materials, including BixSb2-xTe3 alloys
or Sb2Te3/Bi2Te3 heterostructures.

[66] Furthermore, our findings
extend to various parent superconductors, such as Pb and Sn,
whose utilization is hindered by pronounced diffusion into the
TI epilayers, too.[30] In sum this provides a comprehensive toolkit
for precisely tailoring interfaces between superconducting and
topological materials, enabling the evolution of the next genera-
tion of Majorana devices.

9. Experimental Section
Sample Fabrications: For the fabrication of Al-X-Bi2Te3-X-Al junctions

both with and without an interlayer, an ultra-high vacuum fabrication pro-
cess based on a stencil mask on Si (111) substrates was used. The details
of mask fabrication can be found in the earlier report.[33] Subsequently,
the sample was chemically cleaned and loaded into an MBE chamber and
heated to 600 °C to ensure pristine 1×1 surface termination,[67] prior to
selective area growth of 15 nm Bi2Te3 on the Si (111) surface under con-
tinuous sample rotation. Details of substrate cleaning and growth param-
eters can be found here.[30,31] Without breaking the vacuum, the sample
was transferred to a second UHV chamber and cooled to−20 °C. For sam-
ples with interlayer, a layer of 3 nmNb, Ti, Pd, or Pd was deposited without
sample rotation and followed by the deposition of 40 nm Al. Then, a cap-
ping layer of 5 nm Al2O3 was deposited under continuous sample rotation
and the sample is brought to ambient conditions. For the samples with in-
terlayer, the excessive interlayer + Al stacks on the stencil mask (except in
the very proximity of the junction) were finally removed by using standard
photolithography techniques and wet chemical etching. For samples with-
out an interlayer, this step was omitted due to adhesion problems.

Adv. Quantum Technol. 2025, 8, 2400343 2400343 (12 of 15) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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TEM: For electronmicroscopy investigations, lamella specimens with
dimensions of ≈4 μm × 10 μm were extracted at the cross-sections along
the Si[11̄0] orientation using a focused ion beam (FIB, FEI Helios NanoLab
400S) system. A FEI Titan 80–200 ChemiSTEMmicroscope equipped with
a HAADF detector and a Super-X spectrometer was used to collect the
STEM image and EDX spectrum. With a semi-convergent angle at 24.7
mrad, the HAADF images were collected in an angular range of 70−200
mrad. The VESTA software package was used to draw the crystal struc-
tures. The lattice parameters of the XTe2 and Bi2Te3 phases weremeasured
and calibrated with respect to those of the Si substrate.

Transport: Electrical transport measurements on JJs were performed
in a dilution refrigerator equipped with commercially available RF + RC fil-
ters and a base temperature of T < 50 mK. Each junction was measured in
a current-biased quasi-four point measurement by applying a dc current
I with an additional small low-frequency ac current for differential mea-
surements. Both the dc voltage V and the differential resistance dV∕dI
were amplified at room temperature by differential amplifiers before being
measured by a multimeter and a lock-in amplifier, respectively.

DFT Calculations: The DFT calculations relied on the full-potential lin-
earized augmented planewave method as implemented in the FLEUR-CODE
and the full-potential relativistic Korringa-Kohn-Rostoker Green function
method (KKR) as implemented in the JuKKR code.[68–70] Superconducting
properties were calculated with the help of the Kohn-Sham-Bogoliubov-de
Gennes (KS-BdG) extension to the JuKKR code.[69] This work parametrized
the normal state exchange correlation functional using the local den-
sity approximation (LDA) and added a constant superconducting pair-
ing potential of s-wave symmetry within the XTe2 atoms of the unit
cell.[71] This work used an lmax = 3 cutoff in the angular momentum
expansion of the space filling Voronoi cells around the atomic centers,
where the exact (i.e., full-potential) description of the atomic shapes was
taken into account.[72,73] Additional charge doping was added in a Lloyd’s
formula-like renormalization of the energy integration weights during self-
consistency of the KKR calculations in this work.[74]

The structures that was studied computationally were interfaces be-
tween TMDC XTe2 (X = Ti, Nb, Pt, Pd) and the prototypical TI Bi2Te3.
The TI film that was used in the calculations for this work consist of three
quintuple layer (QL) thick Bi2Te3 either directly in contact to a single TMDC
trilayer or with an additional Bi2 bilayer inserted in between. The unit cell
was lattice matched to the in-plane unit cell of the TI and atomic positions
at the interface were relaxed using the FLEUR-CODE.

70 For this purpose this
work set up symmetric films with 6 QL of the TI covered with an XTe2
layer, optionally including a Bi2 bilayer, and use the generalized gradient
approximation with van der Waals corrections.[75,76] The relaxed interlayer
distances are listed in Table S1, Supporting Information.

For the superconducting state this work then used the relaxed geome-
tries from the normal state described in Section 5 and add a constant
pairing potential in the solution to the Kohn-Sham Bogoliubov-de Gennes
(KS-BdG) Hamiltonian,[69]

HKS
BdG

(x) =

(
HKS
0
(x) − EF i𝜎yΔDFT,0 (x)

−i𝜎yΔDFT,0 (x) −
(
HKS
0
(x) − EF

)†
)

(2)

where HKS
0 (x) is the normal states’ Kohn-Sham Hamiltonian, EF is the

Fermi energy, x the position vector in the unit cell, 𝜎y is the Pauli matrix that
ensures s-wave symmetry of the superconducting pairing, and ΔDFT,0(x)
denotes the spatially-dependent strength of the pairing potential. Here
this work assumed ΔDFT,0(x) to take a constant value of 3.07 meV within
the XTe2 layers and set ΔDFT,0 = 0 everywhere else. This allowed studying
the proximity effect within the four different XTe2/[Bi2]/Bi2Te3 heterostruc-
tures where in particular no intrinsic superconducting pairing is assumed
within the TI layers. This approach was motivated from the experimental
situation where thick Al serves as the parent superconducting compound
that can proximitize the XTe2 and subsequently the TI. While thismodel for
the superconducting state was thus rather simple, taking into account the
full orbital and multi-band description from DFT allowed making accurate
predictions for the superconducting proximity effect.
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